The bond dissociation energy (D 0 ) of the water dimer is determined by using state-to-state vibrational predissociation measurements following excitation of the bound OH stretch fundamental of the donor unit of the dimer. Velocity map imaging and resonance-enhanced multiphoton ionization (REMPI) are used to determine pair-correlated product velocity and translational energy distributions. H 2 O fragments are detected in the ground vibrational (000) and the first excited bending (010) states by 2 + 1 REMPI via theC 1 B 1 (000) ←X 1 A 1 (000 and 010) transitions. The fragments' velocity and center-of-mass translational energy distributions are determined from images of selected rovibrational levels of H 2 O. An accurate value for D 0 is obtained by fitting both the structure in the images and the maximum velocity of the fragments. This value, D 0 = 1105 ± 10 cm −1 (13. The water dimer is the smallest water cluster and, as such, much scientific effort has been directed toward understanding its properties. Surprisingly, despite experimental work on the structure, spectroscopy, bond rearrangements, and tunneling dynamics of the dimer, there is no direct measurement of its dissociation energy (D 0 ). In contrast, detailed theoretical work has been devoted to the electronic structure of the dimer, including its interaction energy (D e ) and zero point energy (ZPE), which are needed to determine D 0 . 22, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] In addition to serving as a benchmark for theory, an accurate experimental value of D 0 is important for evaluating the dimer's absorption in the atmosphere.
The bond dissociation energy (D 0 ) of the water dimer is determined by using state-to-state vibrational predissociation measurements following excitation of the bound OH stretch fundamental of the donor unit of the dimer. Velocity map imaging and resonance-enhanced multiphoton ionization (REMPI) are used to determine pair-correlated product velocity and translational energy distributions. H 2 O fragments are detected in the ground vibrational (000) and the first excited bending (010) states by 2 + 1 REMPI via theC 1 B 1 (000) ←X 1 A 1 (000 and 010) transitions. The fragments' velocity and center-of-mass translational energy distributions are determined from images of selected rovibrational levels of H 2 O. An accurate value for D 0 is obtained by fitting both the structure in the images and the maximum velocity of the fragments. This value, D 0 = 1105 ± 10 cm −1 (13.2 ± 0.12 kJ/mol), is in excellent agreement with the recent theoretical value of D 0 = 1103 ± 4 cm −1 (13.2 ± 0.05 kJ/mol) suggested as a benchmark by Shank et The water dimer is the smallest water cluster and, as such, much scientific effort has been directed toward understanding its properties. Surprisingly, despite experimental work on the structure, spectroscopy, bond rearrangements, and tunneling dynamics of the dimer, there is no direct measurement of its dissociation energy (D 0 ). In contrast, detailed theoretical work has been devoted to the electronic structure of the dimer, including its interaction energy (D e ) and zero point energy (ZPE), which are needed to determine D 0 . 22, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] In addition to serving as a benchmark for theory, an accurate experimental value of D 0 is important for evaluating the dimer's absorption in the atmosphere. 36 The equilibrium structure of the H 2 O-H 2 O dimer has been determined experimentally 1, 2 and theoretically. 29, 37 The hydrogen bond is nearly linear and the structure is floppy. Tunneling motions and their barriers also have been studied. 3, 4, 39 IR spectra of the water dimer have been measured in low-temperature matrices, [7] [8] [9] [10] [11] [12] He droplets, 13 and (in high resolution) the gas phase. 14, 15 The bound OH stretch was initially assigned as the vibrational band near 3532 cm −1 , 14 but later reassigned to the 3601 cm −1 band. 16, 17 This band is only partially rotationally resolved due to predissociation, and the lifetime is estimated to be 80 ps. 15 Several recent calculations of D 0 of (H 2 O) 2 have been reported. 22, [27] [28] [29] [30] [31] [32] [33] These values appear to converge around 1100 cm −1 with a spread of about 100 cm −1 . In these studies, D e and ZPE are used to determine D 0 . Advances in electronic structure methods enabled precise calculation of ZPE at the coupled-cluster single double triple (CCSD(T)) level of theory and, in turn, D 0 . 29, 30, 32 from these experiments is complicated due to the indirect nature of the measurements and the difficulty of estimating the thermal contributions (including vibrational, rotational, translational, and pressure and temperature effects). 22, 29, 40 We report here the first measurement of D 0 of the H 2 O-H 2 O dimer at low temperature that can be directly compared to theory.
Recently, we have used velocity map imaging (VMI) to obtain accurate values of D 0 for several hydrogen-bonded dimers. [41] [42] [43] [44] [45] [46] In this method, isolated rovibrational levels of a fragment are monitored following IR vibrational predissociation (VP) of the dimer, and photofragment images are recorded. From the structured velocity and center-of-mass (c.m.) translational energy (E T ) distributions, pair-correlated energy distributions of the cofragment are obtained. Fitting the structural features and maxima in the velocity distributions in several such images gave unique and accurate values of D 0 for the dimers with an accuracy of ±10 cm −1 . Our work on the H 2 O-HCl dimer 41, 42 is most relevant to the present study, being a first case in which the water fragment was monitored directly by resonance-enhanced multiphoton ionization (REMPI). 42 From images obtained by monitoring selected rotational levels of either HCl or H 2 O fragments D 0 = 1334 ± 10 cm −1 was obtained. In this Communication, we report the first determination of D 0 for the water dimer in a supersonic molecular beam. The key to our success is our ability to obtain REMPI spectra of water fragments. Following excitation of the bound OH stretch of the dimer, images are obtained by monitoring selected H 2 O fragment rotational levels, J K aK c , in the ground (000) and the first excited bending (010) states. The experimental procedures were similar to those used in our previous studies. [41] [42] [43] [44] [45] [46] Dimers were formed in a pulsed supersonic molecular beam by expanding a mixture of ∼2% H 2 O in He at a stagnation pressure of ∼1.5 atm through the 0.5-mm orifice of a pulsed valve. The rotational temperature of the dimer was estimated to be 10 ± 5 K. 41, 43 Focused IR laser radiation [∼2-12 mJ/pulse, lens focal length (f.l.) = 20 cm, 0.4 cm
linewidth] was used to excite the bound OH stretch of the dimer, and focused ultraviolet (UV) radiation (247-254 nm; 0.2-1.1 mJ/pulse, f.l. = 20 cm; ∼0.4 cm −1 linewidth) ionized state-selected H 2 O fragments. The UV beam was expanded by using an additional lens (f.l. = −100 cm) placed 137 cm before the focusing lens. 42 TheC 1 B 1 (000) ←X 1 A 1 (000 and 010) bands were used for H 2 O REMPI detection and modeled using the PGOPHER program with rotational constants from Yang et al. 42, 47 Spectra were collected by alternating "IR on" and "IR off" conditions at each frequency. Laser conditions (timing, focusing, power) were optimized to maximize signal from the dimer.
Two modes were used to collect data: (i) TOF mass spectrometry for spectroscopic investigations and (ii) VMI mode for determining c.m. translational energy distributions. The VMI arrangement was described previously. 48, 49 Two-dimensional projections were collected using event counting and reconstructed using the BASEX method. 50 Velocity distributions were obtained by summing over the angular distribution for each radius and were converted to c.m. translational energy distributions in the usual way. [41] [42] [43] [44] [45] Calibration was achieved by imaging NO products from NO 2 photodissociation. 51 Infrared spectrum of (H 2 O) 2 . IR spectra of the dimer excited to the bound OH stretch fundamental were recorded by monitoring H 2 O photofragments in selected rovibrational states by REMPI while scanning the IR laser frequency. A typical spectrum obtained by monitoring H 2 O (010) J K aK c = 3 21 is shown in Fig. 1 . No contributions from other H 2 O containing clusters were seen in the region of the dimer peak (3530-3630 cm −1 ). [13] [14] [15] The spectrum exhibits saturation broadening due to the tight focusing of the IR radiation necessary to maximize signals from H 2 O fragments. For REMPI and ion imaging, our IR frequency was set to 3602 cm −1 , where dimers in the range J = 2 and 3, and K a = 0 and 1 were likely excited. 52 This gives an average internal energy E int (H 2 O-H 2 O) = 5 ± 5 cm In spite of fast predissociation in theC-state and spectral congestion, 42 several isolated transitions of water fragments could be used for imaging. The detection of water fragments in the ground (000) level was reported previously, 42, 47 and because the available energy allowed formation of water fragments in the (010) bending state, we detected it via theC 1 B 1 (000) ←X 1 A 1 (010) transition. Although no prior description of this transition was published, it was well simulated by the PGOPHER program.
53, 54
Ion imaging results and analysis. Reconstructed images in velocity space were used to determine the rotational states of the pair-correlated water-fragments. Fitting was accomplished, as described before, [41] [42] [43] [44] [45] [46] by assigning a Gaussian-shaped curve to each rotational state of H 2 O, 55 with a width characteristic of the experimental resolution (∼8 pixels or 44 m/s). This width was obtained from images of H 2 O (J K aK c ) levels from VP of HCl-H 2 O, where rotational levels of the HCl cofragment were resolved. 42 The positions of the Gaussians were then shifted together by adjusting D 0 until both the observed structure and maximum velocity were well matched in all the images. Since our goal was to determine D 0 rather than product state distributions, the heights of the Gaussians were described by an exponentially decaying function of E T , corresponding to an increase in rotational population with decreasing E T . All images had clearly discernible structures that could be fit with a consistent and unique D 0 . Images were collected by monitor- ing isolated transitions from theX 1 A 1 (000) and (010) states, and from fits of eight images, D 0 of 1100 ± 3 cm −1 (2σ ) was derived, assuming no uncertainty in other parameters (see below).
Conservation of energy requires,
For images recorded while monitoring fragments in the (000) state, J K aK c levels of cofragments in both the ground (000) and excited bending (010) states were needed for best fits, as shown in Fig. 3 . Whereas the major structural features were fit well by assuming that the cofragment is in the (010) state, the regions of high and low velocities were fit better by including the ground (000) rotational levels as well. The simulations use a (000):(010) = 0.5:1 ratio, which seems to fit the structure well in all the images. Images recorded while monitoring fragments in the (010) state [ Fig. 4(c) , which is narrowly constrained by the specific structure in the velocity distributions. The finite width of the observed peaks places a lower limit on our fitting uncertainty at ±2 cm −1 , but depending on the signal-to-noise ratio the uncertainty in a specific image can be as high as ±8 cm −1 . However, the need to fit all the images with the same D 0 value restricts the acceptable values. The uncertainty in the IR frequency is on the order of 1 cm −1 and in the internal energy of the dimer is ±5 cm −1 . Combining uncertainties, we arrive at D 0 = 1105 ± 10 cm −1 . Several attempts have been made to determine the binding energy of (H 2 O) 2 experimentally but they were carried out at higher temperatures (270-723 K) and gave H o indirectly. [18] [19] [20] [21] [22] [23] [24] These methods include the increase in thermal conductivity upon dimerization (T = 358-386 K; H • = 15.02 ± 2.10 kJ/mol), 19 and measurements of integrated IR absorption (T = 573-723 K; H • = 16.65 ± 3.77 kJ/mol, 24 and T = 373-673 K; H • = 15 ± 3 kJ/mol). 21 In addition, the pressure broadening of water vapor was investigated using cavity ring-down spectroscopy at room temperature, and the water dimer binding energy was estimated from the waterrare gas interaction energies. 21, 22, 40 The derived values were 13.6 ± 4 kJ/mol (Refs. 22 and 40) and 15.5 ± 5.6 kJ/mol. 23 Though the values determined using these methods are valuable in estimating the feasibility of detecting the water dimer in the atmosphere, 36 they cannot be directly compared to our value of D 0 , as described above. However, within the range of their error bars, they appear to be in good agreement with our value of D 0 = 13.2 ± 0.05 kJ/mol.
The recent high-level electronic structure calculations are capable of determining D e accurately. 22, [27] [28] [29] [30] [31] [32] [33] To obtain D 0 from the calculated D e the difference between the ZPE's of the dimer and the monomer fragments needs to be evaluated as well. The most recent high-level calculations by Shank et al. 30 give D 0 = 1103 cm −1 (13.2 kJ/mol) at the CCSDT(T)/aug-ccpVTZ level of theory/basis set with the addition of several modifications to the potential energy surface. This value, which is proposed as a benchmark for theory, matches our experimental value of D 0 = 1105 ± 10 cm −1 (13.2 ± 0.12 kJ/mol) very well.
This material is based upon work supported by the National Science Foundation under Grant No. CHE-0951976. The authors thank Professor Colin Western for assistance with simulating the water REMPI spectra, Dr. Amit Samanta for helpful discussions and Professor Joel Bowman whose theoretical work inspired the current measurements.
